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Introduction:
Several studies reported an essential role for cohesin in ES cell self-renewal and in the iPSmediated reprogramming of somatic cells to pluripotency. [1] [2] [3] [4] Given that in mammalian cells cohesin associates with CTCF, [5] [6] [7] [8] NIPBL, Mediator and cell-type specific transcription factors 1,9,10 at gene regulatory elements and can mediate long-range chromosomal interactions, [1] [2] [3] [4] [11] [12] [13] [14] [15] [16] these data suggested a special place for cohesin in the network of pluripotency where it enables the expression of pluripotency genes by forming connections between their regulatory elements.
However, cohesin has essential functions in preserving the integrity of the genome through the cell cycle. Cohesin consists of a heterodimer of SMC (structural maintenance of chromosomes) proteins -SMC1A and SMC3, and two non-SMC proteins -RAD21 and either STAG1 or STAG2 and forms a ring-like structure with a diameter of 40 nm. This is large enough to topologically entrap two strands of nucleosomal DNA. 17, 18 Cohesin's association with chromatin is carefully regulated during the cell cycle to facilitates its cell cycledependent and cell cycle-independent functions 19 ( Figure 1A) . In vertebrate cells, cohesin loading onto DNA is initiated in telophase 20, 21 and requires the activity of the cohesin loading factor NIPBL and its partner MAU2. [22] [23] [24] During interphase, cohesin association with DNA is maintained in a dynamic equilibrium by the opposing unloading actions of the WAPL and PDS5 proteins. 25 Current models suggest that cohesin acts as a transcriptional regulator and genome organiser by forming chromatin interactions between distant DNA regions. 26, 27 Locally, cohesin mediated enhancer-promoter interactions facilitate the rearrangement of the T cell receptor alpha chain locus Tcra in non-proliferating thymocytes 12 . On a global scale, cohesin associated with CTCF at the boundaries of topologically associating domains (TADs) is important for the structural organisation of the genome. Loss of cohesin allows increased inter-domain interactions across TAD boundaries 28 and while architectural chromatin compartments are not affected, cohesin is required for specific interactions within the compartments. 29 In S phase, cohesin facilitates DNA replication. [30] [31] [32] In a recent study we began to disentangle DNA damage responses from long-range interactions by conducting reprogramming experiments in the absence of cell division.
Fusion of ES cells with somatic cells generates heterokaryons, which initiate reprogramming
without cell division. In addition, nuclear transfer experiments eliminate the requirement for DNA replication. These experiments indicated that cohesin was not specifically required for reprogramming, and that ES cells maintained the expression of most pluripotency genes when analysed after cohesin depletion but before the onset of DNA damage responses. 41 Here we take this analysis to its logical conclusion by showing that deliberately inflicted DNA damage -or the DNA damage resulting from prolonged cohesin depletion in cycling ES cells -actively interferes with pluripotency and reprogramming. Our findings suggest that data concerning the role of cohesin in pluripotency and reprogramming derived from cells that cycle in the absence of cohesin should be re-interpreted in the context of essential cohesin functions in the cell cycle.
Results
A simple but restrictive approach to dissociate cell cycle-related and gene regulatory functions of cohesin is the genetic deletion of depletion of cohesin from non-cycling Genome-wide transcriptional profiling showed that ~600 genes were deregulated. These genes were enriched for developmental functions but not for cell cycle or DNA damage responses. Deregulated expression was highly correlated with cohesin binding by ChIP-seq, indicating that many deregulated genes were direct targets of cohesin. 41 Quantitative reverse transcription PCR (RT-PCR) of selected pluripotency markers confirmed our array data indicating that the expression of Nanog remained unaffected, Klf4 was downregulated and Lefty1 was upregulated ( Figure 2F ). Overall, 8% of deregulated genes were pluripotency-associated ( Figure 2G ) and 12% of pluripotency genes were affected by cohesin depletion. Hence, acute cohesin depletion in ES cells did not cause a global collapse in pluripotency gene expression but had a selective and gene-specific impact where most pluripotency genes remained unaffected, whereas a minority were either up-or downregulated, most to a moderate extent. Many developmental genes in ES cells are marked by bivalent chromatin marks 49, 50 and can be rapidly activated upon differentiation. Of 2902 bivalent genes, 125 were deregulated within 24 hours of Rad21 deletion. Of these, only a minority (48) were upregulated, while 77 were downregulated ( Figure 2H ). These data indicate that cohesin-depleted cells do not undergo wholesale differentiation and corroborate the conclusion that cohesin depletion does not result in a collapse of pluripotency gene expression.
As cohesin is thought to promote the expression of pluripotency genes by mediating enhancer-promoter interactions 1-4 we carefully assessed how acute cohesin depletion affected the binding of cohesin to gene regulatory elements and interaction between enhancers and promoters in ES cells. ChIP-PCR showed that RAD21 was indeed efficiently depleted from the promoters and enhancers of Nanog, Lefty1, and Klf4 (red bars, Figure 2i ).
RAD21 association in differentiating cells is shown for comparison (green bars, Figure 2i ). In contrast to RAD21, the cohesin loading protein NIPBL remained associated with the promoters and enhancers of Nanog, Lefty1 and Klf4 in Rad21-deleted ES cells (red bars, Figure 2J ). Unexpectedly, Nanog, Lefty1 and Klf4 enhancer-promoter interactions remained strong 24 hours after Rad21 deletion as detected by chromatin conformation capture (3C) (red bars, Figure 2K ), despite reduced cohesin occupancy (red bars, Figure 2i ). As a control for the ability of our 3C assays to detect change, reduced enhancer-promoter interactions were readily detected in differentiating ES cells (green bars, Figure 2K ). Hence, in contrast to expectations based on ES cells suffering DNA damage, 1 enhancer-promoter interactions can be maintained at least at some pluripotency loci even after cohesin depletion. These interactions may be mediated by transcription factors, mediator or Nipbl ( Figure 3L ).
When cohesin-depleted ES cells were allowed to proliferate, significant DNA damage occurred within 36 hours as indicated by γ-H2AX ( Figure 3A) and upregulation of the p53 target gene Mdm2 to levels similar to those induced by causing deliberate DNA damage by exposure of ES cells to doxorubicin ( Figure 3B ). After 48 hours of cohesin depletion ES cells were arrested in G2/M phase of the cell cycle ( Figure 3C ). With the exception of Lefty1 the expression of the pluripotency genes tested was downregulated ( Figure 3D , right) to levels that were comparable to those after deliberate DNA damage by exposure to Doxorubicin The idea that cohesin has special functions in promoting the expression of pluripotency genes is not restricted to the maintenance of pluripotency gene expression in ES cells, but extends to the induction of pluripotency gene expression during the reprogramming of somatic cells to pluripotency by iPS. [2] [3] [4] Given that iPS reprogramming also requires multiple rounds of cell division and is sensitive to activation of stress responses [45] [46] [47] we wondered to what extent the requirement for cohesin in reprogramming reflects essential cohesin functions in the cell cycle. We addressed this question by examining early reprogramming events that occur when ES cells and somatic cells are fused to form heterokaryons because reprogramming in heterokaryons is initiated in the absence of proliferation. 51 Interestingly, acute cohesin depletion did not impair the ability of ES cells to initiate the expression of pluripotency genes in somatic nuclei. 41 On the contrary, acutely cohesin-depleted ES cells reprogrammed better than control ES cells ( 
Discussion
We have addressed the role of cohesin in pluripotency and reprogramming. To this end we 
